Fluorescent molecules and materials are widely used in many areas in physics, chemistry, and biology as emitters, tags, or sensors. The possibility of controlling their fluorescence signal by light, namely, fluorescence photoswitching, down to the nanoscale level can then dramatically extend their fields of applications. This review focuses on fluorescent and photochromic diarylethene-based nanosystems. The choice of the diarylethene family has been driven by its excellent photoswitching properties (conversion yield, bistability, fatigue resistance), which make them fully appropriate when high-performance behavior is required. The different molecular and nanomaterial designs providing suitable combinations of fluorescence and photochromism are summarized. Besides the inherently fluorescent diarylethene molecules, chemical association between photochromic and fluorescent molecular units can advantageously lead to fluorescence photoswitching thanks to resonance energy transfer or intramolecular electron transfer processes. Furthermore, the preparation of nanoscale emissive materials involving diarylethene units paves the way to new interesting features, such as near-infrared control of emissive and photoswitchable nanohybrids, giant amplification of the fluorescence photoswitching in organic nanoparticles, or fluorescence color modulation. Many applications derived from such fluorescent diarylethene-based molecules and nanomaterials have been developed recently, especially in the field of biology for fluorescence biolabeling and super-resolution imaging but also for photocontrol of biological functions. Extremely promising prospects are expected in the near future.
Introduction
Molecules that can reversibly change in response to external stimuli are of central importance not only to the development of molecular devices and memory materials but also to pharmacology and imaging technologies [1] [2] [3] [4] [5] . Organic photochromic compounds 6, 7 , which reversibly change color under excitation with an appropriate wavelength of light, are good examples of such molecular systems. The difference in geometry and electronic structure between the two isomers can be exploited to reversibly control a wide variety of properties. In particular, photoswitching of fluorescence signals has attracted much attention because of its potential in various optoelectronic applications, including optical memories, bioimaging, and photoswitches with high sensitivity [8] [9] [10] [11] . In addition, the recent progress of fluorescence-based imaging technology including super-resolution microscopy 5, 10, 12, 13 , which can achieve higher spatial resolution beyond the diffraction limit of light, further encourages the development of fluorescence photoswitchable molecules. Therefore, the improvement of the fluorescence photoswitching performances of such molecules is quite a hot topic in various research fields, and many excellent molecular systems have been actively designed up to now.
Among different classes of photochromic compounds, such as azobenzenes, spiropyranes, hexaarylbiimidazoles, and diarylethenes (DAEs), DAE derivatives ( Fig. 1) have attracted particular attention in recent years because of their high fatigue resistance and excellent thermal stability. DAE derivatives can be switched between open-and closed-ring isomers upon irradiation with appropriate wavelengths of light >10 4 times, and the photogenerated closed-ring isomers are estimated to be stable for >1000 years at 30°C 14, 15 . Therefore, DAEs are promising candidates for applications not only in optical data storage as well as molecular switches but also as biomarkers to probe biological events [14] [15] [16] [17] .
In this review, we will focus on the recent progress of fluorescent photoswitchable nanosystems composed of DAE derivatives, where the nanosystem involves single molecules, nanoparticles (NPs), molecular-assembling systems, and organic/inorganic hybrid materials.
Molecular systems combining fluorescence and photochromism can be classified into the following three categories:
Type 1: Inherently fluorescent photoswitchable molecules, which exhibit both fluorescence and photochromism. Type 2: Molecular systems consisting of fluorescent and photochromic moieties that are linked with each other via covalent bonds. Fluorescence can be reversibly modulated by the photochromic moiety through intramolecular interaction, such as energy transfer or electron transfer. Type 3: Hybrid materials composed of fluorescent molecules and photochromic molecules, for example, doped in a polymer matrix, grafted on the surface of NPs, or gathered as NPs. Again, fluorescence can be reversibly modulated by the photochromic moiety through intermolecular interaction.
In the following, recent progress reports of representative fluorescent photoswitchable DAE systems in each category and their applications at the nanoscale have been reviewed. For the sake of clarity, this review article will not include all accomplishments related to this research field, and therefore the most important and recent developments will be described by selecting a few representative examples. Many other excellent review papers reported previously will help to cover the wide variety of results reported so far [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] .
Inherently fluorescent photoswitchable DAEs
Reversible fluorescence photoswitching can be achieved when one isomer of a photochromic compound is fluorescent and the other one is non-fluorescent. In typical fluorescent photoswitchable DAEs, the open-ring isomer is fluorescent, while the closed-ring isomer is nonfluorescent. Therefore, the fluorescence can be observed in the initial (open-ring) state, and it decreases depending on the population of the photogenerated closed-ring isomer upon irradiation with ultraviolet (UV) light. In the present review, such conventional "turn-off" mode fluorescent DAEs are excluded because a great number of such derivatives have been synthesized so far, and the corresponding results have already been summarized in previous excellent reports 10, 15 . On the other hand, turn-on mode fluorescent DAEs, which are initially nonfluorescent and are activated to a fluorescent state upon photoisomerization reactions, have recently been developed [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . Such turn-on mode fluorescent DAEs are suitable for bioimaging applications, including superresolution microscopies.
Some "turn-on" mode fluorescent DAEs have been developed by replacing the ethene moiety to other heterocycle units instead of the perfluoro-or perhydrocyclopentene unit 18 . The closed-ring isomers of these derivatives exhibit fluorescence, while the fluorescence is lost in the open-ring isomers. However, the fluorescence quantum yields of these molecules are not high enough to apply in the standard methods of super-resolution fluorescence imaging.
Recently, a new type of fluorescent DAE, as shown in Fig. 2 , has been developed. Indeed, the sulfone derivatives of 1,2-bis(2-methyl-1-benzothiophen-3-yl)perfluorocyclo pentene 1 were first reported by Ahn et al. 19 . DAE 1 is a typical DAE derivative for which both isomers show very weak fluorescence with quantum yields of 0.012 for the open-ring isomer and 0.0001 for the closed-ring isomer. By oxidizing the sulfur atoms of 1 to sulfones, the fluorescence property of the closed-ring isomer was much improved. The open-ring isomer 2a is colorless and has no absorption band in the visible wavelength region. Upon irradiation with UV light, the photocyclization reaction takes place, and the yellow-colored closed-ring isomer (2b) is produced. Both the open-and the closedring isomers of 2 exhibit fluorescence. The fluorescence quantum yield of 2a was reported to be 0.025, which is approximately two times higher than that of the open-ring isomer 1a. On the other hand, the fluorescence quantum yield of 2b is up to 0.011, which is almost 100 times as large as that of the closed-ring isomer 1b. The fluorescence quantum yield of the closed-ring isomer was further improved from 0.011 to 0.19 (about 20 times), when the methyl substituents at the 2-and 2′-positions (reactive carbon atoms) of the benzothiophene-1,1-dioxide groups were replaced with n-heptyl substituents (DAE 3) 20 . In addition, the fluorescence quantum yield increased up to 0.52 by introducing the acetyl substituents at the 6-and 6′-positions of the benzothiophene-1,1-dioxide groups (DAE 4)
.
Irie and co-workers [21] [22] [23] [24] further modified the above DAE derivatives to fulfill the requirements for superresolution fluorescence imaging, such as (i) the bathochromic shift of the absorption and fluorescence spectra of the closed-ring isomers allowing excitation at wavelengths >488 nm, (ii) increasing the absorption coefficient, and (iii) increasing the fluorescence quantum yield. They found that the fluorescence quantum yield was dramatically improved, and all requirements for super-resolution fluorescence imaging can be fulfilled by introducing both aryl substituents, such as phenyl-rings (DAE 5) or thiophene-rings (DAE 6), at the 6-and 6′-positions of the benzothiophene-1,1-dioxide groups 21 and short alkyl substituents at the 2-and 2′-positions (Fig. 3a ) 22 . Figure 3b shows the absorption and fluorescence spectra of 5 having ethyl substituents at the 2-and 2′-positions and phenyl substituents at the 6-and 6′-positions of the benzothiophene-1,1-dioxide groups in 1,4-dioxane. The open-ring isomer 5a has no absorption band in the visible wavelength region. Upon irradiation with UV light, a new absorption band ascribed to the closed-ring isomer appears at 456 nm and the bright green fluorescence under excitation with 488 nm light can be clearly observed (Fig. 3b) . The absorption coefficient and the fluorescence quantum yield of 5b in 1,4-dioxane are 4.6 × 10 4 M −1 cm −1 and 0.87, respectively. These values are suitable for the super-resolution fluorescence imaging. Although the fluorescence quantum yield slightly decreases with increasing solvent polarity, the yield is high even in polar ethanol (Φ f~0 .76). Upon irradiation with visible (>480 nm) light, the absorption band at 456 nm and the fluorescence intensity decreased and returned to the initial state. By replacing the phenyl rings with thiophene rings (DAE 6), the absorption band of the closed-ring isomer was shifted to longer wavelengths (500 nm), and intense red-orange fluorescence at around 620 nm was observed under excitation with 532 nm laser light, as shown in Fig. 3c, d . The fluorescence quantum yield of 6b reached 0.78 in 1,4-dioxane. This turn-on fluorescence photoswitching from a completely dark state to a highly fluorescent state is particularly useful for super-resolution fluorescence imaging. Furthermore, 6b exhibits excellent fatigue resistance under irradiation with visible (>440 nm) in 1,4-dioxane, which is superior to that of Rhodamine 101 in ethanol. Further investigations regarding the effect of aryl substituents at the 6-and 6′-positions and alkyl substituents at the 2-and 2′-positions on the photoswitching performance and oxidized terarylene derivatives have been carried out [23] [24] [25] [26] [27] [28] .
Molecular systems consisting of fluorescent and photochromic moieties
In the abovementioned inherently fluorescent DAEs, the fluorescence process and the photochromic reaction compete with each other. A convenient approach to prepare molecules showing both an efficient photochromic reactivity and a bright fluorescence simultaneously is to combine photochromic and fluorescent chromophores in a molecule through a non-conjugated spacer unit. Förster-type resonance energy transfer (FRET) or photoinduced intramolecular electron transfer (IET) mechanisms are adopted to reversibly switch the fluorescence property. Photoinduced modulation of absorption properties or oxidation/reduction potentials of the DAE unit causes fluorescence switching. In DAEbased photochromic FRET (pcFRET) systems, a fluorophore was used as a fluorescence donor and connected to a DAE unit playing the role of a photoswitchable energy acceptor via a spacer linker. Only the closed-ring isomer of the DAE unit has an absorption band overlapping the fluorescence band of the fluorophore, while the absorption band of the open-ring isomer locates in the wavelength region shorter than the fluorescence band. Therefore, when the DAE is in the open-ring form, the donor fluorescence is not perturbed by the DAE unit and remains at a high level. On the other hand, when the DAE converts to the closed-ring form, energy transfer from the donor fluorophore to the acceptor DAE closed-ring isomer takes place, and the fluorescence is quenched. Based on this mechanism, a large number of highly fluorescent photoswitchable DAEs have been designed and
Vis. [29] [30] [31] [32] [33] [34] [35] [36] [37] . Some of these derivatives can achieve reversible fluorescence photoswitching even at the singlemolecule level [31] [32] [33] . Among such successful examples, Zhu and coworkers 37 reported that excellent fluorescence on-off contrast can be achieved by combining multiple DAEs to one fluorophore. They synthesized perylenemonoimide dyes modified by one-DAE (PMI-1DAE), two-DAE (PMI-2DAE), and three-DAE units (PMI-3DAE) (Fig. 4a ) and compared their fluorescence photoswitching properties (Fig. 4b) . Interestingly, the fluorescence on-off contrast at photostationary state (PSS) was dramatically improved by increasing the number of DAE units (Fig. 4c) . The fluorescence quenching ratio of PMI-3DAE at PSS exceeds 10,000 and the fluorescence quenching efficiency reaches 100% shortly under UV light irradiation. Based on such excellent fluorescence photoswitching properties of PMI-3DAE, they demonstrated the photorewritable fluorescence patterning, all-optical transistors, and super-resolution fluorescence imaging with sub-100-nm resolution.
On the other hand, the fluorescence switching by the FRET mechanism has an inherent drawback. The quenching by the intramolecular energy transfer to the closed-ring isomer induces an undesirable ring-opening (cycloreversion) reaction. To avoid such an undesired reaction, it is required to separate the absorption spectra of both isomers of the photochromic unit and the fluorescence spectrum of the fluorescent unit and achieve the reversible photoswitching of the fluorescence property under such conditions. The IET process can be utilized as the fluorescence quenching process to satisfy such requirements 38 . The mechanism is based on changes in oxidation/reduction potentials of the photoswitching DAE unit. When the oxidation or reduction potential differences are large enough to induce the electron transfer between the fluorescent unit and one of the isomers of the DAE unit, the photochromic reaction of the DAE unit induces fluorescence photoswitching. The electron transfer mechanism allows the molecular design in such a manner that the absorption bands of both isomers of the DAE unit are positioned at shorter wavelengths than the fluorescence spectrum of the fluorescent unit. The absorption bands localized in the near-UV or blue region of the spectrum enable proper decoupling between the photochromic reaction and the fluorescence detection. According to this concept, some DAEs linked with fluorescent perylenebisimide (PBI) have been synthesized by Fukaminato et al. [39] [40] [41] and Würthner et al. 42, 43 . After several trials, Fukaminato and coworkers 41 succeeded in designing a DAE-PBI dyad (Fig. 5a ), which can completely avoid the cycloreversion reaction induced by the energy transfer quenching and achieve the efficient reversible fluorescence photoswitching via a photoinduced electron transfer (PET) with nondestructive readout capability even at the single-molecule level.
In this molecular design, it is favorable to employ S,Sdioxide DAE derivatives as electron acceptors and fluorescent PBI chromophores as electron donors to avoid spectral overlap. The fluorescence spectrum of the PBI unit does not overlap with the absorption spectra of both isomers of S,S-dioxide DAE derivatives (Fig. 5b) . In this molecule, the fluorescence quantum yield of the closed-ring isomer dramatically decreases when the dielectric constant of the solvent increases >5, while that of the open-ring isomer remains almost constant with an increase in the dielectric constant of the solvent (Fig. 5c ). In polar solvents, the fluorescence is therefore reversibly switched by alternate irradiation with visible (445 nm) and UV (365 nm) light, and the excitation light for fluorescence readout does not induce any photochromic reaction due to the absence of the absorption band of both isomers of the DAE unit at this wavelength. Indeed, the fluorescence intensities of both isomers stay constant even after 2 h under continuous irradiation with 532 nm laser light (2.5 mW cm −2 ) (Fig. 5d) . A nondestructive fluorescence readout based on the photochromic IET mechanism was successfully demonstrated in dyad 7 even at the single-molecule level, as shown in Fig. 5e 41 .
Hybrid materials composed of fluorophores and DAE molecules Inorganic and organic hybrid nanosystems Luminescent organic-inorganic nanohybrid systems, such as silica NPs, quantum dots (QDs), and upconverting NPs (UCNPs), have been recently developed and widely applied to optical data storage, bioimaging, and superresolution imaging.
Among various host matrices for the construction of hybrid NPs, silica is known to have the great advantages of biocompatibility, excellent optical quality, and easy functionalization 44 . More importantly, organic molecules can be easily loaded into hybrid siloxane networks. Therefore, many researchers select this option to prepare inorganic-organic hybrid fluorescent NPs for various applications. For example, Hell and co-workers 45 synthesized photoswitchable fluorescent silica NPs encapsulating a fluorescent DAE derivative (Fig. 6a) . The fluorescence intensity can be clearly modulated upon alternate irradiation with UV and visible light based on the abovementioned pcFRET mechanism. Kim and coworkers 46 prepared photoswitchable fluorescent silica NPs via a straightforward one-pot multicomponent copolymerization by a simple mixing of a Cy3 fluorophore and a DAE derivative (Fig. 6b ). This procedure is useful not only for avoiding complicated syntheses but also for achieving tunable efficiency of fluorescence photoswitching. Similar strategies have also been developed by other researchers to construct other silica-based fluorescent photoswitchable NPs 47, 48 . In contrast to the broad spectrum of typical fluorescent NPs, QDs have several advantages for biological applications, such as high emission quantum yield, broad excitation and narrow emission bands, and excellent photostability 49, 50 . In order to obtain QDs with photoswitchable emission, DAE derivatives were introduced into the surface organic layer, and the emission property was controlled by either the PET or FRET mechanism. Jovin and co-workers 51, 52 prepared photoswitchable QDs based on a pcFRET mechanism (Fig. 6c ). DAEs were covalently linked to an amphiphilic polymer that selfassembles with the lipophilic chains surrounding commercial hydrophobic core-shell CdSe/ZnS QDs. The photoswitchable QD retains all of the desirable properties of the original QD, and the brightness of the emission can be modulated by light. UCNPs composed of NaYF 4 doped with certain lanthanide dopants, which can absorb multiple near-infrared (NIR) photons and convert them into higher-energy (UV or visible) light with relatively narrow bands, have recently received significant attention for possible uses in biological applications 53 . Compared to the conventional fluorescent materials, UCNPs show very low background fluorescence, minimal photo-damage, and deep penetration of light. In addition, UCNPs generate large antiStokes shifts of up to 500 nm, which results in wellseparated emission and excitation bands. Based on these advantages, many research groups have developed photoswitchable UCNPs incorporating DAE derivatives, and successful examples have been reported recently [54] [55] [56] [57] . Branda and co-workers [54] [55] [56] employed NaYF 4 nanocrystals doped with lanthanide ions to remote-control photoswitching of DAEs using NIR light (980 nm). They successfully demonstrated the selective generation of UV and visible light under high-and lower-power densities, respectively (Fig. 6d) . The high-power infrared irradiation on UCNPs enabled the generation of UV light at λ = 365 nm, which in turn induced the photocyclization reaction of DAE units. On the contrary, the photocycloreversion reaction of DAE units was simply triggered by decreasing the power density of the infrared light irradiation. This result offers a highly convenient and versatile method to spatially and temporally regulate photochromic reactions with a single light source by just changing the excitation light power.
NPs based on organic molecules
Typical organic fluorophores are emissive in dilute solutions, but usually their fluorescence intensity is dramatically reduced in the solid state. This is called "aggregation-caused quenching" (ACQ). Therefore, the application of fluorescent photoswitchable materials was seriously limited in the highly concentrated solid or assembled states. In this context, Kim and co-workers 58 prepared DAE crosslinked polyamidoamine dendritic nanoclusters modified with Cy3 as a label dye and demonstrated in vivo fluorescence imaging in living zebra fish and cells (Fig. 7) . This strategy of minimizing fluorescence self-quenching produced high fluorescence on-off contrast even in living systems.
On the other hand, in order to overcome the problem of ACQ, aggregation-induced emission (AIE) or aggregation-induced enhanced emission (AIEE) molecules have been developed [59] [60] [61] . AIE or AIEE molecules show no or very weak emission in the dilute state, but the fluorescence intensity is considerably enhanced in the aggregated (highly concentrated) state. Several examples of DAE derivatives having an AIE or AIEE property have been reported so far. For example, Park and co-workers by introducing a 1-cyano-trans-1,2-bis-(4′-methylbiphenyl)ethylene unit, which is one of the representative AIEE derivatives, into the DAE unit (Fig. 8a) . DAE 8a shows almost no fluorescence in tetrahydrofuran (THF) solution (Φ f = 0.00002), while the NPs with a size of 40-275 nm (Fig. 8b ) emit fluorescence (Φ f~0 .05) around 490 nm and show reversible fluorescence photoswitching. Such fluorescence enhancement was observed even for a poly (methyl methacrylate) film containing a very high concentration of 8a (approx. 3 × 10 −1 M), and reversible fluorescence imaging was successfully demonstrated (Fig. 8c) .
Polymer NPs (P-dots) have also attracted attention because of their higher brightness compared to organic fluorophores and suitability for various biological applications 63 . P-dots are easily prepared by injecting a small portion of a dilute polymer solution in a water-miscible organic solvent into water, and their size can be controlled through the concentration of the polymer solution. In addition, P-dots can protect them from degradation in many cases. Harbron et al. 64 first reported DAE-doped fluorescent P-dots and demonstrated the reversible fluorescence photoswitching at the single-particle level. Recently, Osakada et al. 65, 66 and Chiu et al. 67 independently reported DAE-doped P-dots for fluorescence photoswitching for biological imaging. They were prepared by the simple reprecipitation method from a THF solution containing fluorescent polymer, DAE, and an amphiphilic polystyrene polymer having hydrophilic side chains of ethylene oxide (PEG) terminated with carboxylic groups (PS-PEG-COOH). Osakada et al. 65, 66 demonstrated the repeatable fluorescence photoswitching not only in a fixed cell but also in a live macrophage cell. Chiu et al. 67 also proposed using photoswitchable P-dots for "optical painting," to select targeted single adherent cells from tissue in order to sort and recover for genetic analysis as described in the following section.
Very recently, Su et al. 68 reported a novel fluorescent photoswitchable DAE derivative having a benzothiaziazole (BTD) fluorophore (DAE-BTD dyad 9) (Fig. 9a) . The open-ring isomer of DAE 9 shows strong emission in dilute solution as well as in the NP state with almost the same properties (wavelength, efficiency, photochromic reactivity). In addition, DAE-BTD dyad 9 shows remarkable amplification of fluorescence quenching in the NP state. In a dilute solution, the fluorescence intensity linearly decreases with increasing population of the nonfluorescent closed-ring isomer along with the photocyclization reaction, as shown in Fig. 9b . On the other hand, in the case of the NP state, the initial fluorescence decreases dramatically at very low conversion yield. More than 90% of the fluorescence is quenched for only 1% of the closed-ring isomer, and the fluorescence can be considered to reach almost zero (>99% fluorescence quenching) for only 5% of the closed-ring isomer (Fig. 9c) . Similar amplification of fluorescence photoswitching can be observed in other photoswitchable assembled systems such as silica NPs combined with DAEs containing DAEs
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, and polymer systems [70] [71] [72] , but the quenching efficiency has been greatly enhanced by several orders of magnitude. Such a fascinating "giant amplification of fluorescence photoswitching" can be ascribed to a very efficient intermolecular FRET process between the fluorescent units and the closed-ring isomer of the DAE units within the NPs prepared exclusively from 9a (Fig. 9d) . From the theoretical calculations, it is estimated that a single closed-ring isomer (9b) can quench the fluorescence of >400 neighboring molecules. Such giant amplification of fluorescence photoswitching is highly beneficial to many applications that require sensitive fluorescent photoswitches working with a minimal number of photons.
Kobatake and co-workers 72 also observed amplification of fluorescence photoswitching even in dilute solution for random and alternative copolymers bearing DAE and fluorene units in their side chains (poly(DAE x -co-FL y ) and poly(DAE-alt-FL), respectively, Fig. 10a light, those of the copolymers significantly decreased with an increase in the conversion yield from the open-to the closed-ring isomer (Fig. 10b ). This amplification of fluorescence photoswitching in DAE-FL copolymers is attributed to the efficient intermolecular energy transfer between large numbers of fluorene units to few closedring isomers of DAE units in a polymer chain. More interestingly, the magnitude of amplification of fluorescence quenching in an alternative copolymer is much higher than that in a random copolymer, which suggests that the monomer sequence is quite an important parameter to realize highly efficient fluorescence photoswitching in polymer systems.
Applications

Fluorescence labeling and bioimaging
Fluorescence imaging has become an indispensable tool for visualizing dynamic protein interactions, intracellular networks, and material transport in living cells and revealing biological mechanisms in real time. Fluorescence labeling molecules (probes) are important to the advancement of such bioimaging technologies, which are widely used for the monitoring of internal cellular processes 73 . Although much progress has been made in designing fluorescent probes for bioimaging in the past few decades, most of these conventional probes are irreversible to a certain event or non-dynamical to environmental stimuli. In contrast, photoswitchable signals can be exploited to overcome inherent limitations, such as interferences with light absorption, scattering, and autofluorescence from biological tissues. In an autofluorescence-rich in vivo environment, for example, modulating the fluorescence signal of probes can be synchronized with the remote photoswitching frequency, which can allow the dynamic signal to be distinguished from the static autofluorescence background and thus can improve the capability of signal identification 74 . Therefore, the development of a novel photoswitchable fluorescent labeling molecule would be a powerful tool in elucidating the physiological dynamics in living cells. Up to the present, in view of this background, some conceptual examples of bioimaging and fluorescence labeling based on fluorescence photoswitchable molecular systems have been demonstrated in small transparent animals, such as Caenorhabditis elegans, mouse, or zebrafish.
Soh and co-workers 75 designed and synthesized a photoswitchable protein label based on DAE derivative 10 with a fluorescein and succinimidyl ester unit (Fig. 11a) . The fluorescence of the labeled protein can be reversibly switched by alternate irradiation with UV and visible light. Since the succinimidyl ester unit can be easily converted to other functional groups, such as a Ni 2+ -preloaded bis (nitrilotriacetic acid) (NTA-Ni 2+ ) unit, which is a specific recognition unit for histidine, this molecular design has great potential for future functional labeling and imaging of biological systems with photoswitchable molecules.
Ahn and co-workers 76 applied a DAE-based "turn-on" fluorescent photoswitchable probe 11 to live cell imaging . Copyright 2017 American Chemical Society) (Fig. 11b) . They demonstrated the dynamic fluorescence signal photoswitching in real time at the single live cell level and found that 11 was non-cytotoxic, cell-permeable, and accumulated preferentially in the cytoplasm.
Many inorganic or organic fluorescent photoswitchable NPs combined with DAE derivatives have been utilized as photoswitchable biomarkers in fluorescence bioimaging of fixed cells, live cells, and even animals 46, [55] [56] [57] [58] [65] [66] [67] 77, 78 . In these examples, the emission from the probed NPs can be reversibly quenched by only one state of the DAE unit, typically through an energy transfer process. While these examples have overcome some drawbacks of conventional fluorescent probes, there are still some serious problems. One noticeable problem is the low fatigue resistance of fluorescent photoswitchable NPs in prolonged experiments and frequent "on-off" switching cycles. The use of inorganic QDs as the fluorescent component in partnership with a robust DAE photoswitch can minimize such problem. In particular, UCNP-modified DAE derivatives have great potential as biomarkers because all photoswitching processes can be operated by a single NIR light source, which allows us to avoid the use of UV or visible light and minimizes photodamage during in vivo experiments. The Branda group 55, 56 and Li et al. 57 have successfully demonstrated the fluorescence bioimaging of living C. elegans and a nude mouse under NIR excitation at 980 nm. These systems not only have the capacity to reversibly control the emission intensity through selective absorption but also have the opportunity to achieve multicolored probes for in vivo bioimaging.
A unique application of fluorescent photoswitchable NPs was reported by Chiu et al. very recently 67 . Analysis of specific cells in tissues contributes to the discovery of the biological interactions that drive diseases and aging. Although various methods, such as fluorescence-activated cell sorting (FACS), limiting dilution, cloning ring, panning, column chromatography, and magnetic sorting, have been developed to select cells of interest according to their unique characteristics, such as morphology and biomarkers, distinctive problems still remain for each method. Therefore, there is still a need for a simple and high-throughput approach that enables individual adherent cells to be imaged in their native microenvironment and then selected and isolated. For this issue, Chiu et al. 67 proposed using photoswitchable P-dots for "optical painting," to select targeted single adherent cells from tissue in order to sort and recover them for genetic analysis. They conjugated the photoswitchable P-dots to streptavidin and labeled cells via biotinylated primary antibodies (Fig. 12a) . And then, to achieve the separation of cells modified with photoswitchable P-dots, the cells were irradiated with a 633 nm focused laser; "painted" cells were visible under a microscope and were sorted by using FACS analysis (Fig. 12b-d) . Furthermore, they successfully applied this method for DNA sequencing, mRNA extraction, and the sorting of a mouse pancreas tumor tissue slice. Compared with the conventional immuno-fluorescence staining method, their approach allows cells to be selected based on spatial and morphological or micro-environmental information and may be used to mark cells on the basis of any desired dynamic properties, such as cell division rates, cell migration, differentiation, behavioral phenotypes, response to drugs, and so on. Such a capability will enhance the study of single cells within tissues and should be useful for both basic biological studies and clinical research.
Super-resolution fluorescence imaging
Fluorescence photoswitching has another advantage in improving the detectability as well as the spatial resolution of fluorescence imaging. In principle, the diffraction limit originating from the wave properties of light restricts the optical microscope resolution to ∼300 nm, a level two of orders of magnitude coarser than nanoscale molecules; thus many intracellular organelles and their associated molecular structures remained unresolvable. However, we can now overcome the diffraction limit and achieve 20-30-nm lateral and 50-60-nm axial resolutions in biological fluorescence imaging by taking advantage of the fluorescence switching events of fluorescent photoswitchable molecules 5, 12, 13 . The concept of such superresolution fluorescence imaging was first proposed by Hell and Wichmann 79 , and several techniques such as photoactivation localization microscopy (PALM), stochastic optical reconstruction microscopy (STORM), reversible saturable (switchable) optically linear fluorescence transitions (RESOLFT), and others have been developed in recent years, and the Nobel Prize in Chemistry was awarded for this technique in 2014 80 . The controllable fluorescence of on-off photoswitching plays a critical role in these revolutionary super-resolution imaging techniques; thus the optimization of photophysical and photochemical properties of fluorescent photoswitchable molecules is essential. The general requirements for super-resolution probes are efficient photoswitchability and high brightness of the fluorescence. In addition, other optimizations of the photoswitching property are required depending on the principle of super-resolution techniques. For example, in PALM/STORM, the turn-off rates should be very low, while, in RESOLFT microscopy, the turn-off rates are required to be high. The detailed explanation of this point was well described in refs. 24, 25 . Several researchers tried to develop fluorescent DAEs and demonstrate superresolution fluorescence imaging by using such derivatives.
Zhu and co-workers 81 demonstrated the sub-100-nm super-resolution fluorescence imaging of aggregates and the nanostructure of block copolymers based on the localization technique by using an AIE-type DAE derivative and a trident DAE-3PMI derivative described above, respectively. Wöll et al. 82 also demonstrated PALM super-resolution imaging of block copolymer cylindrical micelles forming string structures by using a turn-on-type DAE derivative for which the closed-ring isomer of DAEbearing sulfone groups is fluorescent. In this example, the resolution was estimated to be approximately 50 nm with respect to full-width at half-maximum (FWHM). Such turn-on-type DAEs are suitable for the application of super-resolution probes compared to multichromophoric systems in which the fluorophore is connected to the DAE unit via covalent bonds because of their small size of labeling structures and less complicated synthesis.
Although the results of super-resolution fluorescence imaging based on fluorescent photoswitchable DAE derivatives has been gradually increased in this way, the demonstration is still limited to a polar media. The most attractive target in the super-resolution imaging is the direct visualization of organizations in biomaterials. Inherent hydrophobicity and poor water solubility of DAE derivatives prevent the application in purely aqueous conditions. To solve this problem, Hell's and Irie's groups 83, 84 attempted to develop suitable water-soluble DAEs that can be used for super-resolution imaging under biologically relevant conditions. They designed and synthesized DAE derivatives 12 and 13 with multiple carboxylic acid groups into a turn-on S,S-dioxide DAE unit (Fig. 13a) . These derivatives are soluble in phosphatebuffered saline (PBS) buffer solution and exhibit reversible fluorescence photoswitching with relatively high contrast and fluorescence quantum yield (>0.3). They first performed RESOLFT super-resolution imaging of fixed immune-labeled Vero cells by using the symmetrical DAE derivative 12 having eight carboxylic acid groups and achieved~74-nm spatial resolution with respect to the FWHM (Fig. 13b) 
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. However, DAE derivative 12 is not suitable for STORM due to the low [fluorescence quantum yield]/[cycloreversion quantum yield] ratio (<300). The ratio must be increased by at least one order of magnitude to increase the localization accuracy. They tried to decrease the cycloreversion quantum yield by introducing one or two donor methoxy substituents at para-positions of the terminal phenyl groups 84 . After several optimizations, a candidate derivative 13 was synthesized for labeling the secondary antibodies, and STORM experiments were carried out in which this derivative showed suitable quantum yields of photocyclization and the photocycloreversion reaction, high brightness, and a high [fluorescence quantum yield]/ [cycloreversion quantum yield] ratio (>2000) with antiaggregation properties in PBS buffer solution. Superresolution imaging of tubulin, vimentin, and nuclear pore complexes was demonstrated based on a wide-field STORM microscope without requiring any additives to the imaging media. Moreover, the super-resolution images can also be acquired by using a single 488 nm laser because of the reversible fluorescence photoswitching by the optical absorption at the very weak hot bands or "Urbach tail" [84] [85] [86] . These works will open new paths toward the molecular design of fluorescent dyes for superresolution bioimaging.
Photocontrol of biological functions
A new emerging field is the photoswitching of bioactivity. Fluorescence photoswitchable molecular systems are also useful for such applications because it is possible to perform simultaneous control and monitoring of biological events. Branda and co-workers 87 reported photocontrol of paralysis of C. elegans by DAE 14 having Nmethylpyridinium groups (Fig. 14a) , which shows greencolored fluorescence in the closed-ring isomer (Fig. 14b) . The fluorescence in the closed-ring isomer is useful for monitoring the uptake or localization of the compound in C. elegans. Paralysis is induced by the cyclization reaction of DAE by irradiation with UV light, and mobility is restored by the cycloreversion reaction with visible light (Fig. 14c, d ). The paralysis in C. elegans is likely a result of interruption of the metabolic electronic pathways due to the unique electron-accepting ability of the closed-ring isomer.
Liu et al. 88 designed DAE derivatives selectively responding to biomolecules, such as amyloid-β (Aβ) and DNA. DAE 15 (Fig. 15a) having thiazole orange (TO), which is a cyanine dye with red or NIR emission, exhibited a DNA-gated photochromic property (Fig. 15b) . Owing to the strong aggregation property of TO in aqueous solution, the fluorescence of TO in water is very weak (Φ f~0 .25%). When the surrounding environment of TO changes to hydrophobic conditions, the fluorescence intensity can be drastically increased up to Φ f = 3.4%. Furthermore, the molecular conformation of 15a is folded in the photoinactive parallel conformation in aqueous solution because of the intramolecular interaction of TO groups tethered to a central DAE unit. Upon the addition of DNA to an aqueous solution of 15a, the photochromic reactivity of 15a was activated, and the fluorescence intensity was also drastically increased because TO units can bind DNA due to the strong hydrophobic interaction and π-π stacking among the planar chromophores. Thus the fixed parallel conformation is unlocked. Moreover, 15a exhibited different binding patterns toward A-T and G-C base pairs with a great diversity of photophysical properties (absorption, fluorescence, and induced circular dichroism). Based on this unique gated property of 15a, fluorescence imaging of the intracellular behavior of 15 in the HeLa cell line (Fig. 15c) was demonstrated. Intense fluorescence was observed in the nucleolus area when 15a was incubated with fixed HeLa cells, which suggested that the TO units of 15a were located in the hydrophobic environment due to binding to DNA in the cell and that 15a preferably localized in the nucleolus area. Indeed, reversible fluorescence photoswitching was observed in a fixed HeLa cell, which indicated that the conformation of 15a was unlocked from the photoinactive parallel conformation by binding to DNA in the cell.
Lv et al. further developed Aβ-responsive fluorescent DAE derivatives with one or two aminonaphthalenl-2-cyano-acrylate targeting units of Aβ 89 . Aβ is the major component of senile plaques and plays an important role in the pathophysiology and progression of Alzheimer's disease. A significant increase in the fluorescence intensity with a slight blue-shift was observed upon the addition of Aβ aggregates, while no change in fluorescence properties was observed upon addition of Aβ monomer and other aggregated proteins. This indicated the high selectivity of such fluorescent DAE derivatives for Aβ aggregates. To further evaluate whether these fluorescent photoswitchable probes could stain amyloid deposits in brain tissue, they attempted to incorporate them into brain sections of mice. As expected, the fluorescence probes could specifically highlight Aβ deposits in the brain sections, and the 
Fluorescence color modulation
Multicolor fluorescent nanomaterials that exhibit multiple distinguishable emission signals are especially attractive due to their potential applications in flexible full-color displays, in next-generation lighting sources, and in probes to decipher multiple biological events simultaneously 90, 91 . A large number of fluorescence-color phototunable DAE-based NPs have been developed by incorporating two or more energy level-matched fluorescent dyes into NPs together with the DAE unit and controlling the fluorescence intensity of each component with a pcFRET mechanism. For example, Park and coworkers 92, 93 prepared highly fluorescent dual-color photoswitchable NPs and polymer films consisting of a DAE derivative combined with different colored AIE fluorophores or ESIPT (excited-state intramolecular proton transfer) fluorophores. By optimizing the FRET efficiency, they successfully demonstrated multi-stimulus fluorescence patterning, reversible fluorescence photoswitching, and non-destructive fluorescence readout of fluorescence signal in these works. Kim and Lee 94 reported a dual-color photoswitchable fluorescent P-dot 16 containing a DAE derivative and a dual-color emissive conjugated polymer (CP) containing phenylene and benzothiadiazole (BTD) units in the same polymer backbone (Fig. 16a) . In the open-ring isomer of the DAE unit, P-dot color dramatically changed from green to blue. This fluorescence color change is attributed to the efficient energy transfer from only the BTD unit to the closed-ring isomer of the DAE unit in the P-dots because of the much larger spectral overlap between the fluorescence band of the BTD unit and the absorption band of the DAE unit compared to the case between the phenylene unit and the DAE closed-ring isomer unit. To elucidate the possibility of biological applications of P-dot 16, they loaded P-dots 16a into zebrafish and performed fluorescence color photoswitching in living zebrafish (Fig. 16b) . Before UV light irradiation, strong fluorescence was observed from the living zebrafish in emission channels of blue and green without any noticeable difference in the shape of the zebrafish. Upon irradiation with UV light to the zebrafish, the green fluorescence was quenched, but the blue fluorescence still remained. Such a photoswitching property of fluorescence color in biological samples might be useful to achieve high-accuracy analysis of biological events under a fluorescence microscope.
Although several fluorescence color photoswitchable systems have been reported recently as mentioned above, all of these systems are based on the ratiometric color change between two different colored fluorophores. In this case, the variation of fluorescence color changes is inherently limited. In principle, full-color fluorescence can be produced by the combination of red (R), green (G), and blue (B) emissions. Therefore, the methodology of fluorescence-color photoswitching for multicomponent systems containing RGB fluorophores together will be important. Akagi and co-workers 95 tried to demonstrate RGB-based multicolor fluorescence photoswitching by utilizing the combination of photoresponsive and nonphotoresponsive fluorescent nanospheres. In this work, they prepared photoresponsive nanospheres with R, G, and B fluorescence made from CPs connecting DAE moieties in the side chains (P1, P2, and P3) (Fig. 17a) . They also prepared the same emission colored nonphotoresponsive nanospheres made from CPs without DAE moieties in the side chains (P1′, P2′, and P3′). Then three types of mixtures were prepared by mixing the polymer nanospheres as follows: P1′, P2, and P3 for white-to-blue (W-B); P1, P2′, and P3 for white-to-green (W-G); and P1, P2, and P3′ for white-to-red (W-R) (Fig. 17b) . Each system includes three RGB fluorescent nanospheres in which two polymers include DAE moieties at the side chains, whereas the other does not. In each system, the three polymers were mixed at the appropriate ratio, and all mixtures generated white fluorescence with B, G, and R emission bands when the DAE moiety was in the open-ring form. Upon irradiation with UV light to each system, the intensity of the fluorescence bands corresponding to the photoresponsive polymers drastically decreased owing to the efficient energy transfer from polymer backbones to the closedring form of the DAE units, as shown in Fig. 17c . On the other hand, the fluorescence of the non-photoresponsive polymers remained even after UV irradiation because the DAE moiety was absent. Therefore, for the W-B, W-G, and W-R systems, the white fluorescence switched to B, G, and R fluorescence, respectively, upon UV light irradiation. For each system, the RGB fluorescence was then converted to white fluorescence through irradiation with visible light. The reversible photoswitching between white and RGB fluorescence was also demonstrated in cast films. This multicolor fluorescence photoswitching system is very interesting, but the tunable fluorescence color is completely dependent on the combination of photoresponsive and non-photoresponsive polymers; therefore, the variation of fluorescence color changes is still limited. Ideal multicolor fluorescence photoswitchable systems require selective photoswitching of each color component and high contrast with a minimum crosstalk between them, even in a multicomponent system. Probable reasons to prevent selective and high-contrast multicolor fluorescence photoswitching are the broad absorption property in both isomers of the DAE derivatives and the imperfect photoconversion from the opento the closed-ring isomer. Fukaminato et al. 96, 97 attempted to overcome this drawback by employing the giant amplification of fluorescence photoswitching property of photoswitchable fluorescent NPs as mentioned above. They prepared two kinds of photoswitchable fluorescent NPs consisting of 9 and 17 ( Fig. 18a) in which each molecule has a different pair of DAE and fluorescence units. Both NPs exhibited remarkable non-linear fluorescence quenching upon irradiation with UV light. In addition, these NPs showed clear wavelength dependence on fluorescence photoswitching behavior. Under irradiation with 385 nm UV light, the fluorescence intensity of 9 preferentially turned off compared to that of 17, attributed to the difference in absorption coefficients, approximately two times, between 9 and 17 at this wavelength. The fluorescence intensity of 17 slowly decreased and retained over 60% of the initial fluorescence intensity, while the fluorescence intensity of 9 remarkably decreased down to 7% of the initial intensity. Such a significant difference in the fluorescence quenching ratio originated from the non-linear fluorescence quenching property because a small difference in conversion yield under this condition produces a large difference in fluorescence intensities between 9 and 17 in this system. In addition, upon irradiation with 680 nm light to the dark state solution, the fluorescence intensity of 9 gradually increased and perfectly recovered up to the initial level, while the fluorescence intensity of 17 never changed, even after irradiation for an extended period, because 17 has no absorption at this wavelength. These results clearly indicated that the fluorescence photoswitching of 9 and 17 can be selectively modulated by optimizing the irradiation wavelength condition appropriately. Based on this result, they demonstrated wavelength-selective and high-contrast multicolor fluorescence photoswitching in a mixed suspension of 9 and 17 NPs, where each NP was prepared separately and then mixed with the other (Fig. 18b) . White fluorescence was observed for the mixture of orange (9) and cyan (17) NPs. In the initial state, a broad fluorescence spectrum that covered the whole visible-wavelength region with two peaks at 493 and 567 nm was observed, and a clear white emission was visualized under excitation with 405 nm light (Fig. 18b (i) ). Upon irradiation with 385 nm light, the orange-emission band preferentially decreased and the emission color clearly changed from white to cyan (Fig. 18b (ii) ). Upon sequential irradiation with 313 nm light, the cyan-emission band completely disappeared and no emission was observed (Fig. 18b (iii) ). Subsequently, upon irradiation with 680 nm light, the fluorescence band originating from 9 selectively increased and the emission color clearly changed from dark to orange (Fig. 18b (iv) ). Sequentially, upon irradiation with 560 nm light, the fluorescence band originating from 17 started to recover and the emission color turned back to white. Such highcontrast emission color photoswitching was never accomplished in the case of a mixture of 9 and 17 in THF. They also demonstrated sequential RGB fluorescence color photoswitching in multicomponent photoswitchable fluorescent NPs containing three different colored molecules by optimizing the magnitude of amplification of fluorescence quenching and the molar ratios of each component. These results clearly support the advantage of multicolor fluorescence photoswitching systems based on the giant amplification of fluorescence photoswitching property in photochromic NPs, and ideal full-color fluorescence photoswitching will be realized in the near future.
Conclusion
In summary, a wide variety of examples combining DAE units with fluorescent dyes, from the molecular level to the nanoscale, have been described during the past decade. In most of the systems, RET is responsible for the fluorescence photoswitching: the fluorophore is fully emissive when the DAE is in its open form, whereas it is quenched when the DAE is in its closed form due to the large spectral overlap between its absorption spectrum and the fluorescence spectrum of the fluorescent unit. This conceptual design not only leads to efficient fluorescence photoswitching but also suffers from several drawbacks (destructive read-out, limited contrast, single emission color, UV excitation, etc.). For these reasons, many alternative strategies have been proposed recently.
As typical examples, "turn-on" DAE molecules with benzothiophene-1,1-dioxide side-groups are particularly suitable for super-resolution imaging, whereas molecular dyads with DAE and fluorescent moieties involving IET processes are very effective for optical memories with a non-destructive readout capability. Inorganic UCNPs decorated by DAEs can be fully triggered by NIR light, whereas preparation of silica nanosystems, QDs, or polymer NPs doped with DAE represents an efficient route to reach photocontrolled emission with high brightness. NPs based on aggregated organic molecules, such as aggregation-induced emission fluorophores and DAE units, have shown extremely interesting non-linear fluorescence photoswitching features (giant amplification effect) leading to unprecedented contrast and switching rates and enable multicolor emission possibilities. As a . 
